Abstract: Stable isotopes (e.g., δ 2 H and δ 18 O) in tap water are important tools to understand the local climate or environment background, water sources and the state of regional water supply. Based on 242 tap water samples, 35 precipitation samples and 24 surface water samples gathered in the urban area of Lanzhou, the basic spatiotemporal characteristics of isotopes in tap water, their connection with isotopes in other water bodies and change during the process from raw water to tap water are discussed in detail, combining the information of local tap water supply and water source. It can provide reliable help for understanding the isotope characteristics of local tap water, regional water supply management and determination of tap water source of in a small area. Except for the establishment of a new data set of isotopes in tap water with complete time series and uniform spatial distribution of sampling sites, other results show that: (1) The Local Tap Water Line (LTWL) of Lanzhou is δ 2 H = (6.03 ± 0.57) δ 18 O + (−8.63 ± 5.44) (r 2 = 0.41, p < 0.01). (2) For seasonal variations, δ 2 H and δ 18 O in tap water both are higher in autumn and lower in spring. The diurnal and daily variations of isotopes in tap water are not large. As for spatial variations, the monthly mean values of δ 2 H and δ 18 O in tap water at each sampling site show little difference. The isotopes in tap water collected from one single sampling site can be considered as a representative for isotopes in tap water in the area with a single tap water source. (3) Isotopes in tap water show weak connection with precipitation isotopes, but exhibit good connection (consistent seasonal variation, similar numerical range, small numerical difference and high correlation) with isotopes in surface water, which is the direct water source. Isotopes in water change little from raw water to tap water. Isotopic composition of tap water in Lanzhou can be used as a representative of isotopes in surface water.
Introduction
Stable isotopes in water (e.g., δ 2 H and δ 18 O) are significant indicators of hydrological processes and ecological patterns [1] [2] [3] [4] [5] , and they have been widely used as tracers in climatology, hydrology, ecology and forensic studies [6] [7] [8] , e.g., tracking atmospheric sources [9, 10] , tracing water source of plants [11] [12] [13] , identifying the origin of forensic samples [14] [15] [16] and so on [17, 18] . Precipitation, surface water and groundwater are three main fresh water bodies. Stable isotopes in them contain abundant environmental information, which are important for climate and hydrology fields [9, 10, [19] [20] [21] . Tap water mainly comes from the three main natural water bodies, and meanwhile it is highly influenced by human activities [22] . Therefore, isotopes in tap water can reflect the comprehensive characteristics of regional hydrological processes and human activities [23, 24] .
In recent years, except for being widely used to understand and monitor the hydrological cycle in the natural environment [25] [26] [27] [28] [29] , stable isotopes in water have been increasingly used in urban water supply system research [30] [31] [32] [33] [34] [35] [36] ; especially isotopes in tap water [24, 37, 38] . The isotopes of tap water in the United States were analyzed by Bowen et al. [39] and Landwehr et al. [40] successively. The spatial and temporal variations of stable isotopes in tap water were presented in detail, and the applicability of isotopic data to forensic identification of human tissues was evaluated [39, 40] . Stable isotopes in tap water, the water supply system and adjustments during a major drought in the San Francisco Bay Area were explored by Tipple et al. [37] . Based on 612 tap water samples, Good et al. [41] analyzed isotopes in tap water and the utilization patterns of water resources in the western United States. West et al. [23] presented the first tap water and ground water isoscapes in South Africa and compared the isotopic characteristics between the two water resources. Jameel et al. [24] revealed the temporal and spatial patterns of isotopes in tap water collected from Salt Lake Valley in northern Utah, USA, and discussed the water source regions and the management of regional water resource. Zhao et al. [38] presented the spatiotemporal variations of δ 2 H and δ 18 O in tap water in China and analyzed the relationship between isotopes in tap water and topographic and meteorological factors. Wang et al. [42] analyzed the connection between monthly stable isotopes in tap water and precipitation based on a new nationwide network of tap water isotope data across China, and found that the diagnostic patterns of isotopes in tap water were associated with water resource use. As a whole, studies on isotopes in tap water are of great significance for enriching the understanding of tap water isotopes characteristics, environmental effect elements and water sources [23, 24, 39] . Stable isotopes (e.g., δ 2 H and δ 18 O) in tap water come to be important tools to understand the climate and environment characteristics in local area and water resources, monitor complex hydrological systems impacted by human activities, and reflect the state of regional water supply [24, 43, 44] .
For domestic studies in China, there are only studies on the isotope characteristics of tap water and its relationship with precipitation isotopes in the whole country, based on relatively sparse sampling sites [38, 42] . However, research on the detailed characteristics of isotopes and water sources of tap water in some small areas of China is scarce. For Lanzhou, the only provincial capital city that the Yellow River passes through in China, with semi-arid climate in the urban area, planning and maintaining a sustainable drinking water resource show great importance for the continuous development of the city. To isotopes in tap water in the urban area of Lanzhou, the basic spatiotemporal characteristics, connection with isotopes in other water bodies and change during the process from raw water to tap water are not yet clear, at present. It is necessary to establish a data set of isotopes in tap water with a complete time series and uniform spatial distribution of sampling sites, in order to analyze these problems. Studying these problems and combining the information of local tap water supply or water source can provide reliable help for understanding the isotope characteristics of local tap water, regional water supply management and determination of tap water source in a small area. In this study, stable isotopes (δ 2 H and δ 18 O) in 242 tap water samples gathered at 7 sampling sites, 35 precipitation samples and 24 surface water samples collected in the urban area of Lanzhou were discussed around these issues.
Data and Method

Sample Acquisition
The samples of tap water, precipitation and surface water were collected in the urban area of Lanzhou, mainly concentrating in the valley area. Water samples were gathered in 50 mL high density polyethylene (HDPE) bottles with parafilm. Cold tap water samples were obtained through running the tap for 10 s before filling into the bottles [45] . Tap water samples were gathered at the 7 sampling sites in Lanzhou, including Xiguan (T-1), Tanjianzi (T-2), Xizhan (T-3), Qiujiawan (T-4), Shijiawan (T-5), Jincheng (T-6) and Sunjiazhuang (T-7). Sampling sites of tap water show a relatively complete geographic coverage in the urban area of Lanzhou. Tap water samples at the site of Qiujiawan (T-4) were collected once a month from August 2014 to February 2018. Tap water samples from the other 6 sampling sites were gathered once a month from March 2016 and February 2018. The daily tap water samples were collected at the site of Qiujiawan (T-4) between 1 March 2018 and 31 March 2018, and the hourly tap water samples were gathered at the same site on 11 March 2018. The total number of tap water samples from the 7 sampling sites is 242. There were 35 precipitation samples collected from 35 precipitation events at the site of Qiujiawan from April 2016 to October 2016. Surface water samples were gathered at the site of Zhongshan Bridge in the Yellow River located in Lanzhou. They were collected monthly between March 2016 and February 2018, and the total number is 24. The spatial distribution and detailed information of sampling sites of tap water, precipitation and surface water are showed in Figure 1 and Table 1 Figure 1 and Table 1 . 
Isotope Analysis
All the samples of tap water, precipitation and surface water were analyzed for δ 2 H and δ 18 O used the DLT-100 liquid water isotope analyzer (developed by the Los Gatos Research company, San Jose, CA, the United States) at the Stable Isotope Laboratory in College of Geography and Environmental Science, Northwest Normal University. Normally, all the samples were stored in the freezer to prevent the fractionation of isotopes, and they were taken out to thaw at room temperature before analysis. During the test process, every test group includes 3 standard samples and 6 unknown 
All the samples of tap water, precipitation and surface water were analyzed for δ 2 H and δ 18 O used the DLT-100 liquid water isotope analyzer (developed by the Los Gatos Research company, San Jose, CA, the United States) at the Stable Isotope Laboratory in College of Geography and Environmental Science, Northwest Normal University. Normally, all the samples were stored in the freezer to prevent the fractionation of isotopes, and they were taken out to thaw at room temperature before analysis. During the test process, every test group includes 3 standard samples and 6 unknown samples. Every sample (including standard sample and unknown sample) is measured for 6 injections. The first and second needles are abandoned in consideration of the memory effect of isotopes, and the test values of the latter 4 needles are calculated as the final result [46, 47] . The measurement uncertainties in this study for δ 2 H and δ 18 O are ±0.6% and ±0.2% , respectively. The test results are expressed relative to the Vienna Standard Mean Ocean Water (VSMOW).
In the formula, R sample is the ratio of 18 
Other Data
The observational precipitation isotope data of long time series used in this paper are from the Global Network of Isotopes in Precipitation [48] (GNIP). The monthly mean values of δ 2 H and δ 18 O in precipitation at the site of Lanzhou were selected. They were calculated based on 84 precipitation samples from 1985 to 1999, and the monthly mean values of δ 2 H and δ 18 O in February were absent [48] . Deuterium and oxygen-18 in precipitation samples were determined by traditional isotope ratio mass spectrometry or laser absorption spectrometry. The test results were also expressed relative to the VSMOW [49, 50] . At one standard deviation, the long-term precision of δ 2 H and δ 18 O reported in GNIP were about ±0.8% and ±0.1% , respectively. Table 2 . On the whole, there is a relatively small range for δ 2 H and δ 18 O in tap water samples in Lanzhou compared to those in samples collected throughout the country [38] . The seasonal mean values of δ 2 H at each sampling site vary from −70.2 ± 3.0‰ to −64.1 ± 3.8‰, with a difference of 6.1‰ (Figure 3a) . Those of δ 18 O at each sampling site range from −9.9 ± 0.3‰ to −9.3 ± 0.4‰, with a difference of 0.6‰ (Figure 3b ). From the aspect of seasonal variations, the δ 2 H and δ 18 O in tap water both show higher values in autumn and lower values in spring as a whole ( Figure 3 ). For all the tap water sampling sites, the highest seasonal mean values of δ 2 H and δ 18 O both appear in autumn and they are −64.8 ± 0.5‰ and −9.5 ± 0.1‰, respectively (Table 2) . And the lowest seasonal mean values of δ 2 H and δ 18 O both appear in spring ( Table 2 ). The annual mean values of δ 2 H and δ 18 O are −66.7 ± 0.26‰ and −9.6 ± 0.06‰, respectively (Table 2 ). Table 2 . On the whole, there is a relatively small range for δ 2 H and δ 18 O in tap water samples in Lanzhou compared to those in samples collected throughout the country [38] . The seasonal mean values of δ 2 H at each sampling site vary from −70.2 ± 3.0% to −64.1 ± 3.8% , with a difference of 6.1% (Figure 3a) . Those of δ 18 O at each sampling site range from −9.9 ± 0.3% to −9.3 ± 0.4% , with a difference of 0.6% (Figure 3b) . From the aspect of seasonal variations, the δ 2 H and δ 18 O in tap water both show higher values in autumn and lower values in spring as a whole (Figure 3) . For all the tap water sampling sites, the highest seasonal mean values of δ 2 H and δ 18 O both appear in autumn and they are −64.8 ± 0.5% and −9.5 ± 0.1% , respectively (Table 2) . And the lowest seasonal mean values of δ 2 H and δ 18 O both appear in spring ( Table 2 ). The annual mean values of δ 2 H and δ 18 O are −66.7 ± 0.26% and −9.6 ± 0.06% , respectively (Table 2 ). The sampling period at the sampling site of Qiujiawan is longer than that of other sites and more temporal features can be analyzed. The sampling period at the sampling site of Qiujiawan is longer than that of other sites and more temporal features can be analyzed. 
Temporal Variations of Isotopes in Tap Water
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Differences of Isotopes in Tap Water at Each Sampling Site
In order to analyze the differences among all the tap water sampling sites, the monthly anomaly values of stable isotope ratios in tap water are presented in Figure 7 . In general, the monthly anomaly values of δ 2 H and δ 18 O in tap water among the 7 sampling sites are relatively small. Those for δ 2 H and δ 18 O mostly concentrate from −1‰ to 1‰ and between −0.2‰ and 0.2‰, respectively. Stable isotopes in tap water exhibit small differences among the 7 sampling sites. 
In order to analyze the differences among all the tap water sampling sites, the monthly anomaly values of stable isotope ratios in tap water are presented in Figure 7 . In general, the monthly anomaly values of δ 2 H and δ 18 O in tap water among the 7 sampling sites are relatively small. Those for δ 2 H and δ 18 O mostly concentrate from −1% to 1% and between −0.2% and 0.2% , respectively. Stable isotopes in tap water exhibit small differences among the 7 sampling sites. The anomaly value of one sampling site means the difference between the monthly value at this sampling site and the mean value at all sampling sites in the same month. The bottom and top of the box indicate the 25th and 75th percentiles, the line in the box marks the 50th percentile (median), whiskers exhibit the 10th and 90th percentiles; points below and above the whiskers show the 5th and 95th percentiles, respectively.
Comparison of Isotopes in Tap Water with those in Precipitation and Surface Water
Figures 8 and 9 present the comparison of temporal variations of isotopes in tap water with those in precipitation and surface water, respectively. Table 3 exhibits the seasonal and annual mean values of δ 2 H and δ 18 O in precipitation and surface water and their standard deviations (SD). Generally speaking, the temporal changes of δ 2 H and δ 18 O in tap water and collected precipitation present inconsistent characteristics (Figure 8a,c) . The highest median of δ 2 H in collected precipitation appears in June and the lowest median presents in April (Figure 8a ). Within the same sampling period, the highest median of δ 2 H in tap water can be found in September and the lowest median can be seen in May (Figure 8a ). The highest and lowest medians of δ 18 O in collected precipitation appear in October and April (Figure 8c ). Those of δ 18 O in tap water can be found in August and June (Figure 8c ). The seasonal mean values of δ 2 H and δ 18 O in collected precipitation are the highest in autumn and the lowest in spring (Table 3 ). In addition, the range of isotope values in tap water is smaller than those in collected precipitation in Lanzhou (Figure 8 The anomaly value of one sampling site means the difference between the monthly value at this sampling site and the mean value at all sampling sites in the same month. The bottom and top of the box indicate the 25th and 75th percentiles, the line in the box marks the 50th percentile (median), whiskers exhibit the 10th and 90th percentiles; points below and above the whiskers show the 5th and 95th percentiles, respectively.
Comparison of Isotopes in Tap Water with Those in Precipitation and Surface Water
Figures 8 and 9 present the comparison of temporal variations of isotopes in tap water with those in precipitation and surface water, respectively. Table 3 exhibits the seasonal and annual mean values of δ 2 H and δ 18 O in precipitation and surface water and their standard deviations (SD). Generally speaking, the temporal changes of δ 2 H and δ 18 O in tap water and collected precipitation present inconsistent characteristics (Figure 8a,c) . The highest median of δ 2 H in collected precipitation appears in June and the lowest median presents in April (Figure 8a ). Within the same sampling period, the highest median of δ 2 H in tap water can be found in September and the lowest median can be seen in May (Figure 8a) . The highest and lowest medians of δ 18 O in collected precipitation appear in October and April (Figure 8c) . Those of δ 18 O in tap water can be found in August and June (Figure 8c) . The seasonal mean values of δ 2 H and δ 18 O in collected precipitation are the highest in autumn and the lowest in spring (Table 3 ). In addition, the range of isotope values in tap water is smaller than those in collected precipitation in Lanzhou (Figure 8 ). From April 2016 to October 2016, the values of δ 2 H in collected precipitation range between −90.5% and 34.8% , and for tap water, the range is from −73.2% to−58.3% (Figure 8a ). As for δ 18 O, the values in collected precipitation range from −12.5% to 4.4% , and those in tap water are from −10.3% to −8.5% (Figure 8c) . (Figure 8b,d) . The numerical differences of δ 2 H and δ 18 O between tap water and GNIP precipitation are relatively large (Figure 8b,d) . The GNIP precipitation isotope data for Lanzhou are from 1985 to 1999, which is about 20 years ago, and the present precipitation isotope data (isotope in collected precipitation) may differ from the older ones due to current global climate change (i.e., global temperature increase). The results show that the relations between the isotopes in tap water and those in the present and older precipitation are both weak.
On the contrary, δ 2 H and δ 18 O in surface water and tap water show consistent seasonal variations in general, which exhibit higher values in autumn and lower values in spring (Figure 9 ). The seasonal mean values of δ 2 H and δ 18 O in surface water in autumn are both the highest in the four seasons and they are −64.1 ± 3.0% and −9.5 ± 0.2% , respectively ( Table 3 ). The lowest seasonal mean values of δ 2 H and δ 18 O both appear in spring and they are −70.0 ± 0.4% and −9.9 ± 0.1% , respectively ( Table 3 ). The highest and lowest seasonal mean values of δ 2 H and δ 18 O in tap water also can be found in autumn and spring, respectively (Table 2) . Besides, the range of isotope values in surface water in Lanzhou is similar to those in tap water. The 12 monthly mean values of δ 2 H between surface water and tap water are similar (Figure 9a ). The annual mean values of δ 2 H in surface water and tap water are −66.5 ± 1.2% (Table 3 ) and −66.7 ± 0.3% (Table 2) , respectively. Those of δ 18 O in surface water and tap water are −9.6 ± 0.2% (Table 3 ) and −9.6 ± 0.1% (Table 2) , respectively. (Figure 8b,d) . The numerical differences of δ 2 H and δ 18 O between tap water and GNIP precipitation are relatively large (Figure 8b,d) . The GNIP precipitation isotope data for Lanzhou are from 1985 to 1999, which is about 20 years ago, and the present precipitation isotope data (isotope in collected precipitation) may differ from the older ones due to current global climate change (i.e., global temperature increase). The results show that the relations between the isotopes in tap water and those in the present and older precipitation are both weak. On the contrary, δ 2 H and δ 18 O in surface water and tap water show consistent seasonal variations in general, which exhibit higher values in autumn and lower values in spring (Figure 9 ). The seasonal mean values of δ 2 H and δ 18 O in surface water in autumn are both the highest in the four seasons and they are −64.1 ± 3.0‰ and −9.5 ± 0.2‰, respectively ( Table 3 ). The lowest seasonal mean values of δ 2 H and δ 18 O both appear in spring and they are −70.0 ± 0.4‰ and −9.9 ± 0.1‰, respectively ( Table 3 ). The highest and lowest seasonal mean values of δ 2 H and δ 18 O in tap water also can be found in autumn and spring, respectively (Table 2) . Besides, the range of isotope values in surface water in Lanzhou is similar to those in tap water. The 12 monthly mean values of δ 2 H between surface water and tap water are similar (Figure 9a ). The annual mean values of δ 2 H in surface water and tap water are −66.5 ± 1.2‰ (Table 3 ) and −66.7 ± 0.3‰ (Table 2) , respectively. Those of δ 18 O in surface water and tap water are −9.6 ± 0.2‰ (Table 3 ) and −9.6 ± 0.1‰ (Table 2) , respectively. Figure 10 shows the differences between δ 2 H and δ 18 O in tap water and those in collected precipitation and surface water. Obviously, the values of δ 2 H and δ 18 O in tap water are much closer to those in surface water rather than to those in collected precipitation. The absolute values of differences for δ 2 H between tap water and surface water in the four seasons are all < 1‰. Those for δ 2 H between tap water and collected precipitation in spring, summer and autumn are all > 20‰ (Figure 10a) . The absolute values of differences for δ 18 O between tap water and surface water in each season are all < 0.1‰. Those for δ 18 O between tap water and collected precipitation in spring, summer and autumn are all > 3‰ (Figure 10b ). Figure 10 shows the differences between δ 2 H and δ 18 O in tap water and those in collected precipitation and surface water. Obviously, the values of δ 2 H and δ 18 O in tap water are much closer to those in surface water rather than to those in collected precipitation. The absolute values of differences for δ 2 H between tap water and surface water in the four seasons are all < 1% . Those for δ 2 H between tap water and collected precipitation in spring, summer and autumn are all > 20% (Figure 10a) . The absolute values of differences for δ 18 O between tap water and surface water in each season are all < 0.1% . Those for δ 18 O between tap water and collected precipitation in spring, summer and autumn are all > 3% (Figure 10b ). 
Discussion
Representation of Isotope Data at a Single Sampling Site
In the analysis of anomaly values (Figure 7) , the monthly anomaly values of δ 2 H and δ 18 O in tap water at all sampling sites are relatively small. Those for δ 2 H mainly range from −1‰ to 1‰ and those for δ 18 O mostly vary between −0.2‰ and 0.2‰. This shows that the isotope data in tap water 
Discussion
Representation of Isotope Data at a Single Sampling Site
In the analysis of anomaly values (Figure 7) , the monthly anomaly values of δ 2 H and δ 18 O in tap water at all sampling sites are relatively small. Those for δ 2 H mainly range from −1% to 1% and those for δ 18 O mostly vary between −0.2% and 0.2% . This shows that the isotope data in tap water samples collected from a single sampling site have a good representation for the tap water isotope composition in the region with same water source.
Determination of Tap Water Source Based on Isotope Data
As shown in the comparison of isotopes among different water bodies (Tables 2 and 3, Figures 8-11 , Figure S1 ), isotopes in tap water and precipitation exhibit large differences at the aspects of seasonal variation, numerical range and numerical value. In contrast, isotopes in tap water and surface water exhibit consistent seasonal variation, similar numerical range, small numerical difference and high correlation. According to the water source information in the Water Resources Bulletin of Gansu Province [52] and investigation data from tap water supplier (Figure 1) in Lanzhou, the main source of tap water is the Yellow River water (surface water). Therefore, tap water isotope composition is a good indicator for the direct water source, and the connection of isotopes between tap water and non-direct source water is weak for small regions (e.g., a city).
In the existing tap water isotope studies [23, 42] on large scales, it has been proved that isotopes in tap water mainly supplied by surface water show good correlation with precipitation isotopes [42] . Our conclusion supplements the analysis of tap water source based on the isotopes method at different spatial scales. It provides a basis for the identification of direct tap water source in small, centralized or non-centralized water supply areas.
Change of Isotopes from Raw Water to Tap Water
In this study, consistent seasonal patterns and similar numerical values of isotopes between tap water and source water (Tables 2 and 3 , Figures 9 and 10) indicate that the production processes of tap water in tap water company have little effect on isotopes in water, and the database of tap water isotope composition in the urban area of Lanzhou can be used as a proxy for isotopes in surface water.
Conclusions
The stable isotope composition of tap water is useful for the studies of climate, urban water management, water source, health, ecology and forensic science. A new urban tap water isotope composition dataset with complete time series and uniform spatial distribution of sampling sites was established in this study. The spatiotemporal characteristics of isotopes in tap water, their connection with isotopes in other water bodies and change during the process from raw water to tap water are discussed in detail, combining the information of local tap water supply and water source. Results show that: the Local Tap Water Line (LTWL) of Lanzhou is δ 2 H = (6.03 ± 0.57) δ 18 O + (−8.63 ± 5.44) (r 2 = 0.41, p < 0.01). About seasonal variations, δ 2 H and δ 18 O in tap water both show higher values in autumn and lower values in spring. The diurnal and daily changes of δ 2 H and δ 18 O in tap water are relatively small. From the perspective of spatial differences, the monthly mean values of δ 2 H and δ 18 O in tap water at each sampling site show little difference. The isotopic composition of tap water from one single sampling site can be considered as a representative for isotopes in tap water in the area with a single tap water source. Isotopes in tap water show weak connection with precipitation isotopes, but exhibit good connection with isotopes in surface water which is direct water source, showing consistent seasonal variation, similar numerical range, small numerical difference and high correlation. Tap water isotope composition is a good indicator for the direct water source. Isotopes in water change little from raw water to tap water. The isotopic composition of tap water in Lanzhou can be used as a proxy for that of surface water. 
